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Abstract
Clonal rat pheochromocytoma (PC12) cells have been widely used to study the molecular mechanism of exocytosis. We
have isolated variant PC12 subclones with deficiencies in stimulation^secretion coupling, by a single cell recloning, and
investigated the defects. PC12-1G2 hardly released dopamine following high-K-induced depolarization, but normal release
was evoked by the Ca2-ionophore, ionomycin. Fura-2 fluorometry indicated that a nicardipine-sensitive component of Ca2
influx was missing, suggesting that PC12-1G2 has defects in L-type Ca2 channel function. PC12-2B3 was not responsive to
high-K-induced depolarization and ionomycin, and voltage-dependent Ca2 entry was identical to that of the normal clone.
Electron microscopy revealed that the number of vesicles adjacent or directly attached to the plasma membrane was
decreased in PC12-2B3. The expression of presynaptic proteins was analyzed by immunoblotting using a panel of antibodies.
Syntaxin 1, VAMP-2, SNAP-25, Munc18, Rab3C and Sec-6 were decreased compared to the control clone and that of
synaptophysin was extremely low. PC12-D60 synthesized and released dopamine normally, but had almost lost its
catecholamine-uptake activity. These results show that multiple PC12 cells variants are spontaneously generated, and that
recloning can select PC12 subclones useful for the study of the molecular mechanisms of neurotransmitter release. ß 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction
Synaptic transmission involves Ca2-dependent
exocytosis of neurotransmitters stored in synaptic
vesicles. Recent studies established that three mem-
brane proteins syntaxin, SNAP-25 (synaptosomal-as-
sociated protein of 25 kDa) and VAMP-2 (vesicle-
associated membrane protein, also called synaptobre-
vin) form a trimeric complex in vitro, which has been
shown to serve as a receptor for cytosolic proteins
called N-ethylmaleimide-sensitive fusion protein
(NSF) and the soluble NSF attachment protein
(SNAP) that are required for vesicular transport be-
tween Golgi cisternae. A molecular model of exocy-
tosis has been proposed in which association and
dissociation of SNARE proteins mediates docking
and fusion of synaptic vesicles [1]. However, since
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much evidence against the initial form of this hy-
pothesis has now been accumulated, it has been nec-
essary to modify the original model [2].
PC12 cells synthesize and store catecholamines in
secretory vesicles that have many characteristics in
common with neuronal large dense-core vesicles,
and release the contents by Ca2-dependent exocyto-
sis [3]. Since it is easy to obtain a large amount of
almost homogeneous cellular preparations, PC12
cells have been widely used to study the molecular
mechanisms of exocytosis with biochemical tech-
niques [4]. An additional advantage in using PC12
cells is the possibility of selecting mutant subclones
useful for the analysis of various cellular functions.
Since PC12 cells have been maintained for a large
number of cell divisions, cell lines can spontaneously
generate phenotypic and genotypic variants. Many
interesting subclones have been isolated such as a
variant de¢cient in catecholamine transporter [5], a
variant lacking regulated secretion [6], a variant hav-
ing a mutation in cAMP dependent protein kinase
[7], a variant of high activity of tyrosine hydroxylase
in PC12 cell line [8], a clone that can release acetyl-
choline [9], a variants de¢cient in synaptotagmin-I
[10] and a variant de¢cient in GAP-43 [11]. In the
present study, we have obtained variant PC12 lines
by single cell cloning and have investigated the char-
acteristics of the novel subclones.
2. Materials and methods
2.1. Single cell cloning
PC12 cells were maintained as previously described
[10]. To increase the probability of isolating sub-
clones with a defect in secretion, we recloned the
cell population that had survived selective killing
with an anti-synaptotagmin antibody as described
previously [10]. Since owing to its intravesicular ori-
entation, the NH2-terminal region of synaptotagmin
would be exposed at the cell surface upon exocytosis,
we may expect to kill normally secreting cells by
immune cytolysis using an anti-synaptotagmin anti-
body directed against the NH2-terminal and comple-
ment. For single cell cloning, after dissociation of the
cell population, cells were picked up individually
with a micropipette and seeded separately in multi-
well tissue culture plates, and then the clones were
established.
2.2. Neurotransmitter release assay
Cells were plated onto polyethyleneimine-coated
35-mm dishes at a density of 106 per dish. After
2 days in culture, the cells were rinsed three times
with 1 ml of low-K solution (140 mM NaCl,
4.7 mM KCl, 1.2 mM KH2PO4, 2.5 mM CaCl2,
1.2 mM MgSO4, 11 mM glucose and 15 mM
Hepes^Tris, pH 7.4), and then the medium was re-
placed subsequently with 0.6 ml of the low-K solu-
tion and 0.6 ml of the high-K solution (115 mM
NaCl, 30 mM KCl, 1.2 mM KH2PO4, 2.5 mM
CaCl2, 1.2 mM MgSO4, 11 mM glucose, 15 mM
Hepes^Tris, pH 7.4). To determine catecholamine
release, the solution was immediately transferred to
a tube containing 150 Wl of 1 M perchloric acid
(PCA) at the end of the incubation periods. Cells
were sonicated on ice with 600 Wl chilled 0.2 M
PCA and 0.1 mM EDTA. The samples were centri-
fuged at 15 000 rpm for 5 min at 4‡C and the super-
natant was stored at 380‡C for assay of cellular
catecholamine content. Released and cellular dopa-
mine were assayed by HPLC (JASCO Corp., Tokyo,
Japan) using a reverse-phase column (TSKgel ODS-
80TM, 4.6 mmU10 cm, Tosoh, Tokyo, Japan) and
an electrochemical detector system (Eicom, Kyoto,
Japan) [12]. The mobile phase was composed of
85 mM NaH2PO4 bu¡er (pH 3.7) containing 15%
(v/v) methanol, 20 WM EDTA, and 2.5 mM sodium
1-octanesulfonate (Nakarai Tesque, Kyoto, Japan).
The column was maintained at 34‡C and at a £ow
rate of 1 ml/min. The applied potential at the work-
ing electrode was at +700 mV against Ag/AgCl and
the detector range was 2 nA full scale. Essentially,
the only catecholamine detected in PC12 cells was
dopamine. The amount of dopamine released was
expressed as a percentage of the total cellular dopa-
mine content. [3H]norepinephrine release was mea-
sured as described previously [13] in the ¢rst screen-
ing of the variant cells.
2.3. Catecholamine uptake assay
Cells were plated onto polyethyleneimine-coated
35-mm dishes and grown for 2 days. They were
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rinsed three times with low-K solution and then
incubated in low-K solution supplemented with
[3H]norepinephrine (New England Nuclear, speci¢c
activity: 510.6 GBq/mmol) at 37‡C for 60 min
(9.25 kBq/dish). After three washes, the cells were
collected in a 1% Triton X-100 solution (Sigma, St.
Louis, MO) and mixed with scintillation cocktail.
The amount of [3H]norepinephrine remaining in the
cells was measured with a scintillation counter (Wa-
lac, Amersham Pharmacia Biotech, Uppsala, Swe-
den).
2.4. [Ca2+]i measurements
Changes in the intracellular free Ca2 concentra-
tion ([Ca2]i) were determined in fura-2 [14] loaded
PC12 cells. After three washes with low-K solution,
PC12 cells were incubated for 30 min at 37‡C in low-
K solution supplemented with the acetoxymethyles-
ter of fura-2 (Dojindo Laboratories, Kumamoto, Ja-
pan), at a ¢nal concentration of 10 mM. After an-
other 30-min incubation in a fura-2-free medium, the
cells were examined by micro£uorometry. The £uo-
rescence of the cells were measured every 10 s using
380 nm and 340 nm excitation, respectively. Both
images were subjected to analysis using an image
processor (Argus-50, Hamamatsu Photonics, Hama-
matsu, Japan). [Ca2]i is given as the ratio between
380 nm and 340 nm excited £uorescence.
2.5. Antibodies
Monoclonal anti-SNAP25 antibody (mAb BR05)
[15], monoclonal anti-synaptotagmin I (mAb 1D12)
[16], monoclonal anti-synaptophysin antibody (mAb
171B5) [17], monoclonal anti-syntaxin (mAb 10H5)
[18], and anti-VAMP-2 rabbit antibody [19] were
prepared as described previously. Munc18-, rab3C-,
and rSec6-speci¢c antisera were raised to the sequen-
ces (C) DTLKKLNKTDEEISS (residues 580^594),
(C) STRLKETPPPPQPN (residues 211^224), and
(C) VPIFQEIVVPSLNVAKLLK (residues 737^755)
for Munc-18, rab3C, and rSec6, respectively. Pep-
tides were conjugated with keyhole limpet hemocya-
nin (Pierce Chemical Company, Rockford, IL) and
used to immunize rabbits. The antibodies were puri-
¢ed by a⁄nity chromatography through Protein A-
Sepharose CL-4B (Amersham Pharmacia Biotech).
2.6. Immunoblotting
Cells were homogenized in sodium dodecyl sulfate
(SDS) sample bu¡er (2% SDS, 10% sucrose, 8 mM
EDTA, 0.003% bromophenol blue, 20 mM Tris^
HCl, pH 6.8) by sonication. Immunoblotting was
performed as described [10] using 10^20% polyacryl-
amide gels (Malti Gel, Daiichi Pure Chemicals, To-
kyo, Japan) and a semi-dry transblotting apparatus
(Bio-Rad, Hercules, CA). Visualization of immuno-
reactive bands was performed by enhanced chemilu-
minescence (Super Signal, Pieace Chemical Co.,
Rockford, IL). A luminescent image analyzer
(LAS-1000plus, Fuji Photo Film, Tokyo, Japan)
was used to quantify the immunoreactive bands. Pro-
tein was measured by the method of Bradford using
bovine Q-globulin (Bio-Rad, Hercules, CA) as a stan-
dard and a commercial assay solution (Nakarai Tes-
que, Kyoto, Japan).
2.7. Electron microscopy
Cells were collected and washed in phosphate-bu¡-
ered saline, ¢xed for 30 min at 4‡C with 2% glutar-
aldehyde in 0.1 M sodium cacodylate bu¡er (pH 7.3),
post-¢xed in 2% OsO4, dehydrated with a graded
series of ethanol, and embedded in Epon. The thin
sections were stained with uranyl acetate and lead
citrate, and examined with a JEOL 1200EX electron
microscope. The density of large dense-core vesicles
in a PC12 cell was calculated by quantifying the
number of vesicles and the cytoplasmic area in a
micrograph using an image analysis system Vidas
21 (Zeiss/Contron, Germany).
2.8. Transfection and assay of growth hormone
release
Rat synaptophysin was cloned from rat brain
cDNA by the polymerase chain reaction (PCR) using
two primers (5P-AAGGATCCGACATGGACGTG-
GTGAATCAGCTG-3P and 5P-AACTCGAGTCA-
CTGACCAGATTACATCTGATT-3P) to generate
a full-length form of synaptophysin cDNA. The
PCR fragment was digested with BamHI and XhoI,
and was subcloned into pcDNA3 vector to construct
the expression vector pc3rSynaptopyhsin. Cells were
transfected with plasmids encoding synaptophysin
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together with human growth hormone (pSIhGH) by
lipofection using Lipofectamine (Gibco-BRL Life
Technologes) as previously described [20,21]. Trans-
fected cells were washed before secretion experiment
with a low-K solution, and were incubated for
3 min with a low-K solution and then incubated
for 3 min with a high-K solution for depolariza-
tion-induced secretion. Human growth hormone
(hGH) was determined using a radioimmune assay
kit from Nichols Institute (San Juan Capistrano,
CA). Release was expressed as a percentage of the
total cellular hGH.
3. Results
We isolated 46 independent clones from the cell
population that survived 10 selective killing proto-
cols. As a ¢rst screening, high-K depolarization-
induced [3H]norepinephrine release was measured
in the isolated subclones. Although most of the iso-
lated subclonal cells released 5^10% of the
[3H]norepinephrine in 1 min following K depolari-
zation, two clones designated PC12-1G2 and PC12-
2B3 released less than 1% of the [3H]norepinephrine
during this period. In addition to these two sub-
clones, we isolated another clone designated PC12-
D60 with a very low [3H]norepinephrine reuptake
activity.
3.1. PC12-1G2 cells
We examined the release of endogenous dopamine
from PC12-1G2 cells which displayed defective
[3H]norepinephrine release upon high- K depolari-
zation. PC12-G11 [10], which has normal secretory
activity, was used as a control throughout the
present study. Fig. 1A shows the time-dependent
changes in dopamine release before and after high-
K depolarization. Whereas PC12-G11 cells released
5% of the dopamine stored in the cells within 1 min
of high-K stimulation, PC12-1G2 cells released less
than 1% of dopamine content during the same peri-
od. The release from PC12-1G2 cells was not in-
creased by prolonging the period of high-K stimu-
lation or by increasing KCl concentration (data not
shown). However, when PC12-1G2 cells were stimu-
lated by the Ca2 ionophore ionomycin, instead of
high-K depolarization, they released as much dop-
amine as PC12-G11 cells (Fig. 1B). These results
suggest that PC12-1G2 might have defects in depola-
rization-dependent Ca2 in£ux, and thus we investi-
Fig. 1. Time-dependent changes of dopamine release from PC12-G11 and PC12-1G2 cells induced by high-K depolarization and ion-
omycin. The medium was replaced every 1 min and the amount of dopamine released into the medium was measured by HPLC
equipped with an electrochemical detector. The medium was changed from the low-K solution to either high-K solution (A) or
low-K solution containing 1 WM ionomycin (B) after the third replacement. The amount of dopamine released in each medium was
expressed as a percentage of the total dopamine content at the beginning of the experiments. b, PC12-G11; O, PC12-1G2. The values
are the means of two experiments.
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gated changes in intracellular Ca2 concentration by
£uorometry using the Ca2 indicator, fura-2. When
normal PC12-G11 cells were challenged with 60 mM
KCl, the rapid phase of [Ca2]i increase appeared
just after stimulation and a sustained phase was sub-
sequently observed. Catecholamine release from
PC12 cells has been reported to be controlled by
dihydropyridine (DHP)-sensitive L-type Ca2 chan-
nels [22,23]. We therefore examined the e¡ect of the
L-type Ca2 channel blocker, nicardipine, on [Ca2]i
transients in PC12-G11 cells. As shown in Fig. 2A,
the rapid phase was inhibited by nicardipine in a
Fig. 2. Intracellular [Ca2] change of PC12-G11 and PC12-1G2 induced by high-K depolarization. Intracellular Ca2 concentration
was monitored by fura-2 £uorometry. (A) PC12-G11 cells were incubated for 10 min in the low-K solution containing 0 (b), 0.1 (E),
1 (O), or 10 (a) WM nicardipine. The cells were then challenged with the high-K (60 mM) solution containing the same concentra-
tion of nicardipine during the period indicated by a bar at the top of the ¢gure. (B) PC12-G11 (b) and PC12-1G2 (O) cells were
challenged with the high-K (60 mM) solution during the period indicated by a bar at the top of the ¢gure. The nicardipine-sensitive
rapid phase of the [Ca2]i transient was missing in PC12-1G2 cells. The ratios of £uorescence measured at 340 and 380 nm were plot-
ted to estimate the [Ca2]i change.
Fig. 3. Time-dependent changes of dopamine release from PC12-G11 and PC12-2B3 cells induced by high-K depolarization and ion-
omycin. Dopamine release from PC12-2B3 (a) and PC12-G11 cells (b) were measured as described in the legend of Fig. 1. The
amount of dopamine released in each medium was expressed as a percentage of the total dopamine content at the beginning of the ex-
periments. The values are the means of two experiments.
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concentration-dependent manner, and the peak value
of [Ca2]i decreased by 52% in the presence of 1 WM
nicardipine. By contrast, the sustained phase was re-
sistant to nicardipine and was not suppressed by
1 WM nicardipine. Both rapid and sustained phases
were almost completely inhibited by increasing the
concentration of nicardipine to 10 WM. These results
indicated that the rapid phase of [Ca2]i increase
could be attributed primarily to Ca2 in£ux through
L-type Ca2 channels. In PC12-1G2, the rapid phase
of [Ca2]i increase was not observed and only the
sustained phase appeared after high-K depolariza-
tion (Fig. 2B). Thus it was concluded that the ex-
pression of functional L-type Ca2 channels in
PC12-1G2 cells was so low that K-dependent depo-
larization could not trigger su⁄cient Ca2 in£ux to
elicit secretion.
3.2. PC12-2B3 cells
When PC12-2B3 cells were stimulated by high-K-
induced depolarization, they released less than 1% of
their dopamine content in 1 min following stimula-
tion (Fig. 3A). The dopamine release from PC12-2B3
cells induced by 1 WM ionomycin was also very small
(Fig. 3B). The total dopamine content in PC12-2B3
cells was 245 pmol/106 cells, which is comparable to
that in PC12-G11 cells (360 pmol/106 cells). There is
no signi¢cant di¡erence in the amount of dopamine
recovered in the membrane fraction containing secre-
tory vesicles, between PC12-2B3 and PC12-G11 cells
(74% and 66% for PC12-2B3 and PC12-G11 cells,
respectively). Electron microscopy revealed that
there were no structural abnormalities of the large
dense-core vesicles in PC12-2B3 cells (Fig. 4). The
density of large dense-core vesicles was 1.07 þ 0.12
(mean þ S.E., n = 15) and 1.11 þ 0.01 vesicles/Wm2
(mean þ S.E., n = 57) for PC12-2B3 and PC12-G11
cells, respectively. Nevertheless, the docked vesicles
directly attached or distributed adjacent to the plas-
ma membrane was extremely few in PC12-2B3 com-
pared to that in PC12-G11, as indicated by the ar-
rows in Fig. 4. The ratio of docked vesicles to all in
the cytoplasmic area was 2.4 þ 0.3% (mean þ S.E.,
n = 32) and 15.7 þ 2% (mean þ S.E., n = 20) in PC12-
2B3 and PC12-G11 cells, respectively. Since all these
Fig. 4. Electron micrographs of PC12-2B3 and PC12-G11 cells. Arrows indicate large dense-core vesicles directly attached or distrib-
uted adjacent to the plasma membrane. The number of docked vesicles was less in PC12-2B3 (A) than in PC12-G11 (B). Scale bar =
1 Wm.
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results indicated that the dopamine storage mecha-
nisms of PC12-2B3 cells are normal, it is likely that a
signi¢cant di¡erence in the distribution could be rel-
evant to the defect of PC12-2B3 cells.
To examine the expression of the proteins that
constitute the machinery of exocytosis, we analyzed
cellular homogenates by immunoblotting using anti-
bodies raised against various presynaptic proteins.
There was no signi¢cant di¡erence in the amounts
of synaptotagmin I, synaptotagmin III, cysteine
string protein, NSF and VAP-33 between PC12-
2B3 and PC12-G11. Fig. 5 shows a typical blot.
When the average amounts of three SNARE proteins
were quanti¢ed in several experiments, syntaxin 1,
SNAP-25 and VAMP-2, were decreased by
22 þ 6.5% (n = 4), 38 þ 3.5% (n = 10) and 42 þ 7.3%
(n = 9) (mean þ S.E.) in PC12-2B3 cells compared to
those in PC12-G11, respectively. Munc18, Rab3C
and rSec6 in PC12-2B3 were also diminished by
about half as much as in PC12-G11. The expression
of synaptophysin was extremely low in PC12-2B3,
being only 10 þ 1.6% (n = 6) (mean þ S.E.) of that in
PC12-G11. To examine the possibility that the low
Fig. 5. Expression of various presynaptic proteins in PC12-G11 and PC12-2B3 cells. Cellular proteins (10 Wg per lane) from PC12-2B3
(2B3) and PC12-G11 (G11) cells were electrophoresed by SDS^PAGE and transferred to polyvinylidene di£uoride membranes. The
membranes were probed with antibodies against syntaxin 1, VAMP-2, SNAP-25, synaptophysin, Munc-18, rab3C, rSec6, and synapto-
tagmin I. The immunoreactive bands were visualized using peroxidase-labeled secondary antibodies and an enhanced chemilumines-
cence detection system. The intensity of bands was quanti¢ed using a LAS-1000plus luminescent image analyzer.
Fig. 6. hGH release from synaptophysin-transfected PC12-2B3
cells and PC12-G11. PC12 cells were transfected with a plasmid
encoding rat synaptophysin (pc3rSynaptophysin) together with
human growth hormone (pSIhGH). After 2 days of culture,
hGH released in low-K solution (open column) and high-K
solution (hatched column) over 3 min were measured. The
amount of the hGH released in each medium was expressed as
a percentage of the cellular contents. All the values are the
mean þ S.D. from three representative experiments.
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level of synaptophysin expression caused a decrement
in the dopamine release from PC12-2B3 cells, we
transiently transfected the full-length synaptophysin
gene into PC12-2B3 cells using a co-expression sys-
tem with human growth hormone (hGH) gene. How-
ever, Ca2-dependent release of hGH was not re-
stored by transfection (Fig. 6), indicating that
synaptophysin is not a major cause of the secretory
defect in PC12-2B3 cells.
3.3. PC12-D60 cells
The Na-dependent catecholamine transporter is
localized in the plasma membrane of PC12 cells
and takes up catecholamine from the extracel-
lular medium. As shown in Fig. 7A, the
[3H]norepinephrine-uptake activity of PC12-D60
cells was less than 7% of that of normal PC12 cells.
However, PC12-D60 cells contained a signi¢cant
amount of dopamine (490 þ 120 nmol/106 cells,
n = 7), comparable to that of normal PC12 cells,
and dopamine was released in response to high-K
depolarization as in normal PC12 cells (Fig. 7B).
These results indicate that PC12-D60 cells have a
normal vesicular catecholamine transporter and
Ca2-dependent excitation machinery, but only dis-
play defects in the plasma membrane catecholamine
transporter.
4. Discussion
In the present paper, we describe the isolation of
mutant PC12 subclones, by single cell cloning, with
de¢ciencies in stimulation^secretion mechanisms.
PC12-1G2 cells release very low levels of dopamine
in response to high-K depolarization. The origin of
the de¢ciency is likely to involve defects in L-type
Ca2channels because: (1) the Ca2ionophore iono-
mycin induced normal release of dopamine from
PC12-1G2 cells, indicating that there is no de¢ciency
in the exocytotic machinery; (2) there are several
reports showing that DHP-sensitive L-type
Ca2channel is predominantly involved in the con-
trol of neurotransmitter release from PC12 cells
[22,23]; (3) the analysis of [Ca2]i dynamics by
fura-2 £uorometry showed that DHP-sensitive Ca2
in£ux is missing in PC12-1G2 cells. These results
Fig. 7. Catecholamine reuptake and release in PC12-D60 cells. (A) PC12 cells were incubated in low-K solution containing
[3H]norepinephrine (9.25 kBq/dish) for 60 min at 37‡C. After several washes with the low-K solution, the amount of
[3H]norepinephrine in the cells was measured by scintillation counting. Solid bar, PC12 cells before recloning; open bar, PC12-D60
cells. (B) Time-dependent changes of dopamine release from uncloned PC12 cells (b) and PC12-D60 cells (a) induced by high-K de-
polarization. Dopamine release was measured as described in the legend of Fig. 1. The amount of dopamine released in each medium
was expressed as a percentage of the total dopamine content at the beginning of the experiments. The values are the means of two ex-
periments.
BBAMCR 14687 5-1-01
Y. Shoji-Kasai et al. / Biochimica et Biophysica Acta 1499 (2001) 180^190 187
suggest that the expression of functional L-type Ca2
channels is so low that depolarization cannot gener-
ate enough Ca2 in£ux to induce exocytosis of
dopamine-containing large dense-core vesicles. Ca2
in£ux through L-type Ca2 channels plays a crucial
role in the regulation of gene expression [24^26], and
PC12-1G2 cells will be very useful to study the mech-
anisms of L-type Ca2 channel-mediated regulation
of gene expression.
The defects in PC12-2B3 cells are di¡erent from
those in PC12-1G2 cells. Since depolarization-in-
duced Ca2 in£ux is normal in PC12-2B3 cells, re-
lease incompetence is due to a de¢ciency in mecha-
nisms downstream of Ca2 in£ux. Dopamine content
and reuptake activity of dopamine into granules are
normal in PC12-2B3 cells. Electron microscopy
showed that the ratio of docked granules distributed
near plasma membrane was extremely low in PC12-
2B3 cells. It is likely that the signi¢cant di¡erence in
the distribution could be relevant to the defect of
PC12-2B3 cells. Immunoblotting analysis revealed
that synaptophysin content was severely decreased
in PC12-2B3 cells. Synaptophysin is an intrinsic
membrane protein of synaptic vesicles that is compa-
ratively abundant and evolutionarily conserved [27].
Despite the fact that synaptophysin was the ¢rst syn-
aptic vesicle protein identi¢ed and has been well
characterized, its physiological role is still unclear
and contradictory results have been reported [28^
32]. Although we transiently transfected the full
length synaptophysin gene into PC12-2B3 cells using
a co-expression system with human growth hormone
(hGH) gene, Ca2-dependent release was not re-
stored by the transfection. The transfection e⁄ciency
was estimated to about 16% by staining the trans-
fected cells with antibody to synaptophysin (data not
shown). The amount of synaptophysin in a transi-
ently transfected dish was estimated to be 2.2 times
of that in a mock-transfected dish from the quanti-
tative immunoblotting with anti-synaptophysin anti-
body (data not shown). Therefore, the amount of
synaptophysin expressed in the transfected cells will
be 13.8 times higher than that in an untransfected
cell, and was almost same as that in normal PC12-
G11 cells (cf. Fig. 5). These results indicate that in-
dicating that synaptophysin is not a major cause of
the secretory defect in PC12-2B3 cells. These results
are consistent with the results that the neurotrans-
mitter release was not impaired in synaptophysin
knockout mice [33,34].
Our results also showed that the expression of sev-
eral other proteins including SNARE proteins was
signi¢cantly decreased in PC12-2B3 cells. However,
there are many reports showing that SNARE pro-
teins were not necessary for vesicle docking [35^38].
Further transfection experiments are necessary to
¢nd out and characterize the key protein essential
for docking of synaptic vesicles.
In PC12-D60 cells, the biosynthesis of large dense-
core vesicles, depolarization-dependent Ca2 in£ux,
and Ca2-dependent exocytosis are normal but cat-
echolamine reuptake is very low, suggesting that the
plasma membrane catecholamine transporter is miss-
ing or inactivated in these cells. The catecholamine
transporter in the plasma membrane belongs to the
family of Na and Cl3-dependent neurotransmitter
transporter [39]. The cloning and analysis of the cat-
echolamine transporter cDNA predicts 12 transmem-
brane domains. The norepinephrine transporter is
predominantly expressed in PC12 cells [40]. Norepi-
nephrine transporter is a therapeutic target for tricy-
clic antidepressant drugs such as desipramine, and
psychostimulants such as amphetamines. Previously,
several PC12 variant subclones de¢cient in catechol-
amine transport have been established. As well as
these cells, PC12-D60 cells will be useful for the
study of the molecular mechanisms of monoamine
transport and for developing new drugs speci¢cally
acting on transporters.
In the present study, we measured high-K-in-
duced [3H]norepinephrine release as a ¢rst screen to
identify mutated cells with defects in the activity of
either Ca2 channels, exocytosis, or catecholamine
uptake. However many variants were produced and
preliminary experiments indicate that cells de¢cient
in proteins including p75 low-a⁄nity NGF receptor,
rabphiline 3A, and GAP-43 have been selected.
These cells will be useful for studies of the function
of the de¢cient proteins. Our results also indicate
that care must be taken when interpreting results
obtained with PC12 cells. Many laboratories have
conducted subcloning of PC12 cells, using their in-
trinsic heterogeneity to isolate lines with a particular
phenotype. However, the subcloned cells are often
still designated simply as ‘PC12’. This can subse-
quently lead to di⁄culties in reproducing data
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because investigators unknowingly use quite distinct
cell lines. Therefore, it is crucial to rigorously rename
subclones in order to clarify the origin and history of
the cells. It also should be careful to use any stable
transfectant because there is a possibility to select a
transfected cell having additional spontaneous muta-
tion. It is necessary to use independently isolated
multiple clones.
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